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MORNING-GLORY SHAFT SPILLWAYS: DETERMINATION 
OF PRESSURE-CONTROLLED PROFILES 


W. E. Wagner* 


INTRODUCTION 


With the increasing use of the morning-glory or shaft spillway, there is 
a general need for additional data to aid the hydraulic engineer in designing 
a morning-glory for the many conditions encountered in the field. Some of 
the problems which must be solved are the size and shape of the overflow 
section; the size of the shaft; the degree of curvature of the bend connecting 
the shaft with the horizontal tunnel; and the method of stilling the high veloc- 
ity flow before it enters the river channel below the dam. Each of these 
problems is important and requires careful consideration. This paper deals 
with the first problem: that of determining the size and shape of the over- 
flow section which will pass the required quantity of water at the desired 
head and which will provide pressures on the morning-glory profile which 
are above the cavitation range. To find a solution to this design problem, a 
circular weir was constructed and tested in the Hydraulic Laboratory of the 
Bureau of Reclamation. The sharp-crested weir used in these studies was 
circular in plan and 20 inches in diameter. Flow passing over the weir 
springs clear at the sharp edge and the lower trace of the nappe indicates 
the shape of the morning-glory surface for given conditions of head above 
the crest, approach depth, and pressure beneath the nappe. 

Discharge coefficients and the shapes of the upper and lower nappe sur- 
faces, fully aerated, were obtained for three approach depths; namely 20, 3, 
and 1-1/2 inches below the crest of the weir. The comparatively shallow 3- 
and 1-1/2-inch depths were chosen to assure a measurable effect on the 
discharge and nappe shapes. In addition, the effect on the nappe shape of 
reducing the pressure by removing air from the space under the nappe was 
studied. The reduced pressure studies were made for negligible velocity of 
approach using the 20-inch approach depth. Data were taken only on an 
intermediate range of discharges where a stable jet could be maintained 
since at both higher and lower discharges pulsations in the nappe made 
measurements impossible. 

The following discussion includes a description of the test equipment and 
the procedures followed in developing a method for determining the shape of 
the overflow section of a morning-glory spillway. Finally the experimental 
results are applied to a working model of the spillway for Hungry Horse Dam. 

Most of the material contained herein was submitted to the University of 
Colorado as a thesis in partial fulfillment of the requirements for the degree, 
Master of Science, in 1952. 


* Engineer, Bureau of Reclamation, Design and Construction Division, 
Denver, Colorado. 
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SYMBOLS 


The following is a list of symbols used in this paper. Reference is made 
to Figure 1. 


Q 


h, = observed head on weir measured 22 inches from weir crest, feet 


= discharge in cubic feet per second 


Va, = average velocity of approach computed 22 inches from the weir 
crest, feet per second 


2 
hg = average velocity head of approach in h, = os feet 
H, = h, + h, = total head above weir crest, feet 


E = maximum rise of lower nappe surface above sharp crest of weir, 
feet 


h, = observed head above high point on lower nappe surface, feet 
Hy = ho + hg = total head above high point on lower nappe surface, feet 
R = radius of sharp crest of test weir, feet 


L =27R = crest length of circular test weir, feet 
P = depth of approach floor below weir crest, feet 
hp = observed pressure, below atmospheric, in air chamber under the 
nappe, feet of water 


cs TH,372 = coefficient of discharge for test weir 


X = horizontal coordinate, origin at weir crest, negative upstream and 
positive toward center of test weir, feet 


Y =vertical coordinate, positive above and negative below crest of weir 


Test Equipment 


The Test Weir 


The general arrangement of the test weir is shown in Figures 2 and 3. 
The test weir was fabricated from a 20-inch length of seamless steel pipe, 
20-inch outside diameter with 1/2-inch wall. A steel flange, for bolting the 
test weir to the floor of the head box was welded to one end of the cylinder. 
The outside surface of the other end of the cylinder was machined to form a 
true circle, 1.6593 feet in diameter. A 45° bevel was then machined from 
the inner face until a knife edge was formed by the intersection of the 45° 
bevel and the outer machined surface. 
The head box, 12 feet square with 4-foot side walls (outside dimensions), 
was elevated to a height 5 feet above the laboratory floor. The construction 
of the testing box and weir was sufficiently strong to maintain the weir in a ° 
level position when the head box was full of water. 
Water was supplied to the head box through two 8-inch inlets which ter- 
minated in the floor at diagonal corners of the testing box. Several precau- 
tions were taken to assure that the water approached the weir radially and 
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FIGURE 1!.- PRINCIPAL ELEMENTS 
OF CIRCULAR WEIR 
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Figure 3. General view of headbox containing test weir. 
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Figure 4A 
nappe surface. 
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uniformly. A 6-inch-thick baffle, containing 3/4- to 1-inch gravel was 
placed approximately 1 foot from the side walls of the head box, Figure 3. 
Two steel gratings were placed over each inlet to reduce the buil and dis- 
tribute the inflowing water between the side walls of the head box and the 
gravel baffle. To quiet the flow further before passing over the test weir, 
a perforated cylinder was placed between the gravel baffle and the weir. 
The perforated cylinder, 6-1/2 feet in diameter and 4 feet high, was made 
from a 12-gage steel plate punched with one hundred 13/16-inch-diameter 
holes per square foot. 


Discharge Measurements 


The discharge over, the circular weir was measured by either a 4-, 6-, 
8-, or 12-inch commercial venturi meter, depending upon the discharge re- 
quired for the particular test. All the venturi meters were accurately cali- 
brated in the laboratory by means of a volumetric tank. 


Water-surface Gages 


Head gage. The head, h,, on the test weir was measured by a hook gage 
mounted in a stilling-well located at the side of the head box. A 3/16-inch- 
inside-diameter rubber tube connected the stilling-well to the head box at a 
point 22 inches from the sharp crest of the test weir. 


Upper surface gage. Profiles of the upper water surface over the test 
weir were taken with a point gage mounted on an aluminum channel. Suffi- 
cient readings were observed to establish a smooth curve describing the 
shape of the upper nappe surface. The zero of these gages was checked be- 
fore and following each set of runs. 


Lower surface gage. To determine the shape of the lower nappe surface, 
the profile first was outlined by means of 13 wire probes extending through 
the wall of the weir and spaced at different intervals below the crest of the 
test weir, Figure 4A. The end of each probe was positioned along the nappe 
by screwing the probe toward the sheet of water until contact was made with 
the lower nappe surface. Contact of the probe with the nappe was indicated 
by a 6-volt bulb which lighted when the end of the probe barely touched the 
lower nappe surface. Figure 4B shows the probe adjusting screws and the 
electronic contact indicator. 

The coordinates of the points of each probe, outlining the lower nappe 
profile, were measured with a specially designed point gage, Figure 5. The 
gage consisted of a horizontal beam, which rested on the crest of the test 
weir, and a vertical bar mounted in a carriage which rode along the horizon- 
tal bar. The lower end of the vertical bar was fitted with a point for posi- 
tioning the gage at the end of the wire probe. The point of the gage was 
positioned over the probe by moving the carriage horizontally along the 
beam and lowering the vertical bar until the point contacted the probe. 


Means of Altering Velocity of Approach 


The test weir was constructed with its crest 20 inches from the floor of 
the head box and most of the data were obtained with this approach depth. 
However, to determine the effect of velocity of approach on the coefficient 
of discharge and the nappe shapes, experiments also were made with the 
approach depth 3 and 1-1/2 inches below the weir crest. The approach 
depth, P, was changed by placing a horizontal false floor between the up- 
stream face of the weir and the perforated cylinder, Figure 6. _ 
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Figure 5. Special point gage for measuring coordinates of probes. 
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With the approach depth 20 inches below the weir crest the velocity head, 
hg, was less than 0.0005 foot for Hs ratios under 0.60 and reached a maxi- 


mum of 0.0007 foot for an Bs ratio of 2.00. Therefore, the velocity head 


was considered negligible for data obtained with the 20-inch approach depth. 
For the 3-inch approach depth, the velocity head varied from 0.001 to 0.004 
foot and 0.001 to 0.905 foot for the 1-1/2-inch approach depth. 


Means of Reducing the Pressure Under the Nappe 


To study the effect of subatmospheric pressures under the nappe, a 
sheet-metal cylinder, 35 inches in diameter, 3 feet long and flanged at one 
end, was bolted to the underside of the head box concentric with the test 
weir, Figure 7. The lower end of the cylinder was approximately 9 inches 
from the floor of the tail box. By means of a tail gate, the water surface in 
the tail box could be raised to submerge the end of the cylinder, thus sealing 
the air chamber between the falling jet and the cylinder walls. The jet, in 
falling, pumped some of the air from the chamber and reduced the pressure 
in the space beneath the nappe. Two vents, each 3 inches in diameter and 
equipped with gate valves, were placed in the wall of the cylinder. By con- 
trolling the amount of air entering the chamber, a fairly stable pressure 
could be maintained under the nappe. For the lower pressures and dis- 
charges, it was found necessary to connect a vacuum line to the chamber to 
secure the desired pressure. 

The pressure in the chamber was measured by a differential U-tube 
manometer filled with water. The legs of the manometer were tilted at 45° 
to permit reading of the differential pressure to 0.001 foot. 


Interpretation of Results 


Discharge Coefficient 


The flow over a circular weir may be classified as either free or sub- 
merged. For free flow, the discharge characteristics are similar to those 
for the rectangular weir, where Q = CLH,°/ 2. Thus, the theoretical dis- 
charge is proportional to the three-halves power of the head, H,, on the 
weir. 

When the discharge increases until the water surface is practically level 
above the weir, the weir becomes an orifice and the theoretical discharge 
follows the form Q = CoAo V2gH,- For orifice flow, an increase in head 
results in a very limited increase in discharge since the theoretical dis- 
charge is then proportional to the square root of the head. For partial sub- 
mergence, the discharge coefficient, C or Cy, changes more rapidly with 
head and the discharge characteristics follow neither the orifice nor weir 
formulas. 

Since the point where weir flow ends and orifice flow begins is difficult 
to define, and to simplify the method of expressing the coefficient of dis- 


charge, the weir formula, Q = CLH 3/2 was used to compute the discharge 


coefficients throughout the range of testing. The weir formula was chosen 
because most morning-glory spillways are designed for free flow. 
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Nappe Profiles 


From the laws of similitude, it can be shown that the profiles of a sheet 
of water flowing over any two sharp-crested, circular weirs with aerated 
nappe and negligible velocity of approach are similar if the respective 
ratios of the head, H,, to the radius, R, of the weirs are the same. Thus, 
by expressing the X and Y coordinates of the nappe surfaces and the radius 
of the weir in terms of H,, the results are in dimensionless form and the 
nappe shape for any head and radius of weir can be determined. Camp and 
Howe! found in their experiments on three weir arcs of different radii that 
‘‘nappe profiles plotted in terms of these dimensionless coordinates proved 
to be practically identical for runs having the same ratio of head to diam- 
eter of weir arc except in those runs in which the head was so low that the 
nappe adhered to the crest.’’ 

This was the method used in plotting the upper and lower surface of the 
nappe. The X and Y coordinates of the nappe surfaces, obtained from the 
test weir, were divided by H, , plotted with as many as three runs for each 


value of ¥s, and an average line drawn through the points. This was done 


on a scale too large for reproduction in this paper. However, Figure 8 is 
representative of the shapes of the curves. In place of the curves, the 


x 


Hs and Z. coordinates are tabulated in Tables 1 through 6. 


Analysis of Results 


Discharge Coefficients 

The coefficient of discharge, C, versus the dimensionless ratio us for 
three approach depths is plotted in Figure 9. In each case, the lower sur- 
face of the nappe was open to the atmosphere and fully aerated. The lower 


curve, designated the Base Curve, shows the discharge coefficient for Bs 


ratios between 0.20 and 2.00 with the approach floor 20 inches below the 
weir crest, or with negligible velocity of approach. 


Referring to Figures 8 and 9, the flow apparently is free for Bs ratios 
under 0.45. In the range of free flow, the discharge coefficient decreases 
almost linearly from 3.34 to 3.20 between Bs ratios of 0.20 and 0.45, re- 
spectively. These coefficients compare favorably with the results obtained 
by other 


As the Bs ratio increases above 0.45, the weir becomes partially sub- 


merged and there is a sharp reduction in the coefficient of discharge. The 
largest change in coefficient for a relatively small rise in Hs occurs for 
Bs ratios between 0.45 and 1.00, the range in which the weir is partially 
submerged. For Bs above 1.00, the water surface above the weir is prac- 
tically level and the flow i8 submerged. 


1. Numbers refer to list of references in Bibliography. 
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FIGURE 8- TYPICAL UPPER AND LOWER NAPPE SURFACES 
(Aerated nappe and negligible approach velocity) 


432-14 


4 

05 L5 20 2.5 3.0 35 

N \ —High point 

; \ 

\ 

25 
\ 

ol 

35 


(AddWN G3LVY3V) SHid3d HIVOUddY 
YOI 4O OL 4O NOILWI3ZY “6 
zz oz vi 9! 


BAS 


2 


7885 


= 


LAL 


48 


rt 


a 
Sh 2s 


A 41 


=n 
sue 
432-15 a 


The two upper curves, A and B, Figure 9, are similar plots indicating 
the coefficient of discharge when the approach velocity is appreciable. 
Curve A was plotted from data obtained with the approach floor 3 inches 
below the weir crest, and Curve B with the approach depth 1.5 inches. The 
3-inch approach depth increased the discharge coefficient approximately 
5 percent over the base curve in the free-flow range of discharges and 4 
percent in the range of submerged flow, while the 1.5-inch approach depth 
increased the coefficients approximately 7 percent and 8 percent, respec- 
tively. 

In the insert of Figure 9, the average increase in discharge, in percent, 
is plotted versus the approach depth, P, in terms of radius of weir. This 
curve, which is applicable to either free or submerged flow, indicates the 
increase in discharge which can be expected when the approach velocity is 
increased (or the approach depth decreased) using the discharge for neg- 
ligible velocity of approach as the base. It is evident that additional experi- 


mental data are needed in the range of s ratios between 0.3 and 1.0 to fully 


establish the curve. However, the curve indicates the approximate increase 
in discharge as the approach depth decreases. 

Figure 10 is a similar plot showing the relation of various pressures 
beneath the nappe and the discharge with negligible velocity of approach. 
Figure 10A shows the discharge coefficient versus Bs ratios for atmos- 
pheric pressure and partial vacuums of 10, 20, 30, 40, and 50 percent under 
the nappe. The partial vacuums are expressed as a ratio of the average 
vacuum, measured in feet of water in the air chamber beneath the nappe, to 
the head, H,, on the weir. The solid lines indicate the portion of the curve 
verified by experimental data and the dotted lines indicate the estimated 
extension of the curves beyond the limits of testing in these experiments. 

Figure 10B was plotted from the data contained in Figure 10A. The per- 
cent increase in discharge above that indicated by the base curve was com- 
puted for us ratios of 0.3, 0.4, and 0.5 and 10- to 50-percent vacuums. The 
computed percentages for each of the five vacuums were averaged and plot- 
ted as shown in Figure 10B. This figure indicates the average increase in 
discharge for different pressures beneath the nappe. The relationship is 
applicable only in the range of free flow, since no tests with partial vacuums 
were made when the weir was flowing submerged. The curves presented in 
Figure 10 should be treated with reservation since they are based on meager 
experimental data. 


The minimum value of Bs ratio, for which discharge coefficients are 


shown in Figures 9 and 10, is 0.20. It was found that, for runs with heads 
less than 0.15 foot, the discharge coefficient was inconsistent and tended to 
increase as the head decreased. At low heads, surface tension of the water 
affects the flow characteristics by preventing the jet from springing clear at 
the sharp-edged crest of the weir. It is difficult to define the limits of this 
effect as the sharpness of the weir or a small amount of oil can change its 
intensity. J. W. Howe* in summarizing the results of several experimenters, 
showed graphically that the discharge coefficient for the rectangular weir 
increases sharply for heads less than 0.20 foot, thus indicating the heads at 
which surface tension affects the discharge. Therefore, the coefficients for 
the test weir are shown only for heads above the region of low flow where 
surface tension has a marked effect. 
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Nappe Profiles 


Figure 8 shows the general shapes of the upper and lower surface of the 
nappe, expressed in terms of head, with aerated nappe and negligible velocity 


of approach for representative Hs. ratios. Also included in the figure is the 


shape of the lower nappe surface developed by the Bureau of Reclamation® 
for the rectangular weir, which may be considered a circular weir having an 


infinite radius, or == = 0. 


Several attempts were made to obtain a profile for a = 0.10 (or a head 


of 0.083 foot on test weir), but all the measured profiles for this head were 
comparatively flat near the weir crest and inconsistent with the other re- 
sults, indicating that the nappe adhered to the weir crest. In Table 1, the 


coordinates for us = 0.10 are shown, but the profile was determined by 
interpolation between Be = 0.20 and 0; rather than by actual nappe measure- 
ments on the test weir. 

The lower nappe traces, expressed in dimensionless coordinates, in Fig- 
ure 8, give a false impression as to the actual shape of the lower surface for 
different heads, since the coordinates in terms of the head, H, , become 
progressively less as Hg increases. To illustrate the shape the nappe takes 
as the head increases, typical lower nappe traces, expressed in true X and 


Y coordinates for several BS ratios are shown for the test weir in Figure 11. 


In the case of the rectangular weir, the lower nappe traces spring farther 
from the weir crest as the head increases. This is not true, however, with 
the circular weir. In Figure 11, it can be seen that, for an increase in head 
or Bs ratio, the profile springs farther from the weir crest only in the 
region of the high point of the trace. Below the weir crest the traces cross 
and the profile for the higher head falls inside those for the lower head. 
Therefore, if a morning-glory spillway is designed for the maximum head, 
it appears that subatmospheric pressures along the lower portion of the 
trace will occur for heads less than maximum. To determine the extent of 


the subatmospheric pressures for different us ratios was beyond the scope 


of these experiments. However, model tests on the morning-glory spillway 
for Hungry Horse Dam disclosed that any reduction in pressure for heads 
less than the design head could not be discerned on the model. 

Hungry Horse Dam Spillway was designed for a maximum discharge of 
53,000 second feet at a head of 16.9 feet with an Bs ratio of approximately 
0.50 and a 30-percent vacuum crest. Pressures observed on the model crest 
averaged approximately 5, 3, and 1.5 feet of water (prototype) below atmos- 
pheric for discharges of 50,000, 35,000, and 15,000 second feet, respectively. 
The observed absolute pressure, at all piezometers along the spillway crest, 
increased with each lower head or discharge. This example is inconclusive 
Hs 
H 
signed for re ratios less than 0.50 will operate at approximately atmos- 


for the entire range of ratios, but it indicates that spillway crests de- 


pheric pressure for discharges lower than the maximum. 
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The z and % coordinates of the lower nappe surface for =5 ratios 
from 0 ms *. 0, with fully aerated nappe and negligible velocity of approach 
are tabulated. in Table 1. 


The effects of velocity of approach on the lower nappe surface are shown 


in Figure 12, where the profiles for r ratios of 2.0 (negligible approach 


velocity), 0.30, and 0.15 are plotted for an Bs ratio of 0.40, which is typical 


of the profiles obtained for other Bs ratios. As the approach velocity in- 


creases (or as 5 decreases), the contraction of the jet decreases and the 


nappe falls closer to the weir crest. A solid jet forms below the weir crest, 
and the lower nappe profiles become similar in shape, with the profile for 
the higher approach velocity falling slightly inside the profile for the lower 
velocity of approach. Below the point where a solid jet forms, the location 
of the lower nappe surface is governed by the diameter of jet necessary to 
accommodate 'the discharge. 

Lower nappe shapes for appreciable velocity of approach with fully aer- 
ated nappe are tabulated in Table 2. 


Figure 13 shows the profiles for Bs = 0.40 with a partial vacuum under 


the nappe. In general, the profiles are similar in shape, but not as flat near 
the crest, as those obtained with velocity of approach. As the pressure under 
the nappe is decreased, the profiles for a constant head fali progressively 
closer to the weir wall. In other words, the diameter (or area) of the jet at 
any point along the profile becomes progressively greater as the pressure 
under the nappe is decreased. 

The x and s coordinates of the lower nappe profile for negligible 

s s 
velocity of approach and partial vacuums under the nappe are tabulated in 
Table 3. 

Upper nappe profiles in dimensionless coordinates for negligible approach 
velocity and aerated nappe are tabulated in Table 4. The water surface is 
level for Bs ratios above 1.0. 

The effect on the upper nappe profiles for lowered pressures beneath the 
nappe and increased velocity of approach was similar to that observed on 
the lower nappe shapes. After passing the weir crest, the upper water sur- 
face fell progressively lower for each increasing vacuum beneath the jet, 
and when the approach velocity was increased, a higher upper nappe surface 
and boil were observed. 

The ue and it coordinates of the upper water a are tabulated in 

s 
Table 5 for aerated nappe and approach depths a= _* 0.30 and 0.15, while 


in Table 6 is recorded similar upper nappe wba. . with negligible approach 
velocity for 10, 20, and 30 percent vacuums beneath the nappe. 


Relation of E and Q to Radius of Weir 


In these experiments, the discharge over the sharp-crested weir was 
computed in terms of H,, the total head on the test weir. In designing the 
overflow section of a morning-glory spillway, it is usually more convenient 
to begin the computations with H,, the total head above the spillway crest. 
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FIGURE 12- TYPICAL LOWER NAPPE PROFILE 
SHOWING EFFECT OF VELOCITY OF APPROACH 
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FIGURE 16 


—— PROFILE AS COMPUTED 
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COORDINATES CF UPPER NAPPE SURFACE FOR DIFFERENT VALUES OF —5 
(Negligible Velocity of Approach and Aerated Nappe) R 


RR 
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oO. 
oO. 
1 
1 
1 
1. 
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Sy 
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Point at which upper nappe surface joins boil 


X/Bg 2.410 | 1.711 | 1.208 | 0.810 | 0.725 | 0.510 | 0.120 | -0.068 
Y/, -1.210 |-0.185 | 0.320 | 0.626 | 0.696 | 0.825 | 0.940 | 0.990 


High point of boil 


X/H, 2.911 | 2.545 | 2.267 | 2.043 | 1.710 | 1.275 | 1.030 
Y/H, 0.006 | 0.438 | 0.666 | 0.783 } 0.942 | 0.970 | 1.000 


Hs 
wo | 0.955 | 0.956 
20 0.925 | 0. 
0.7HO | 0. 
0.640 | 0. 
0.518 | 0. 
0.372 | 0. 
0.013 | 0. 
-0.205 | -0. 
-0.457 | -0.400 | -0.357 
-0.748 | -0.678 | -0.613 
-1.072 | -0.981 | -0.895 
-1.440 | -1.315 |-1.198 
-1.845 | -1.670 
-2.268 
~2.685 
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To facilitate the interchange between H, and Hp, the relation of Hs to - 
s 


for the three approach depths and the three ery crests is plotted in 
Figures 14 and 15, respectively. The values of i’ which are equal to Ss 
Hs 


at the high point of the lower nappe profile, were x ee from Tables 1, 2, 


and 3. Since Hs = Hp+ E (see Figure 1), the curves offer a means of deter- ry 
5 mining Hp when Hg is known or vice versa. 
Since the discharge equation for the circular weir, Q = CLH,3/ 2. involves ; | * 
| 


three variables (C, L or radius, and Hg), the procedure for determining the 
size of the overflow section for a morning-glory spillway is by successive 

approximations, a long and tedious process. By expressing the discharge in 
terms of the dimensionless ratio as, the number of variables is reduced to 
two and the amount of work is minimized. 


Let 


Q = 


= 


- C27 


2 


5/2 
Values of C ao for different Bs ratios are plotted in Figures 14 
and 15. When used in conjunction with the ratio ea ‘ 
sive approximations required to determine C, R, or Hg is materially 
reduced. 


the number of succes- 


Application of Results 


To illustrate the practical use of these experimental results in determin- 
ing the profile of a morning-glory spillway, a comparison with the model 
studies made on Hungry Horse Dam Spillway will be shown (see page 7 ). 
Although the crest profile for Hungry Horse Dam Spillway was determined 
from specific tests on the circular test weir, none of the Hungry Horse data 
was used in these experiments. 

The first step in the computations is to determine the radius of the spring 
point, R, required to pass 53,000 second feet when the head, H,, above the 
high point of the crest is 16.9 feet. Since the’experimental data are in terms 
of head above the weir, Hs, it is necessary to assume a value of Hg as well 
as a coefficient, C. 


Assume Hg = 18.5 feet and C = 3.0 
Then 


5/2 2 
cu5/2 3.0 (18.5)°/ 

Q 3, 
432-35 


= 0.083 
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Entering Figure 15 with this value, 5 = 0.52 and tz, = 0.053 for a 30- 


percent vacuum crest. Then E = 0.053 (18.5) = 0.98 foot, and Hs = Ho+ E = 
16.9 + 0.98 = 17.88 feet. From Figure 10, find C = 3.39, which does not 
check the assumed value. 

Using these new values of C and Hg, the process is repeated. 


CHs?/2 3.39 (17.9)5/2 


= 0.086 


From Figure 15, = 0.53 ana = i* 0.052. Therefore, E = 0.93 and 


= 17.83 feet. ue Figure a c = 3.38, which checks sufficiently close 
the trial values. 


R = = 33.6 feet 

The radius, R, and the head, Hg, above the weir have now been established. 
With the ratio, oe = 0.53, it is possible to determine the shape of the 

overflow section. The us and i coordinates for a 30-percent vacuum 

crest are given for ee Saunt oh of 0.50 and 0.60 in Table 3. By interpolation, 

sufficient seaielaaiite to describe the curve for = - 0.53 are obtained. 


These in and x coordinates and the corresponding X and Y values are 


tabulated in Figure 16. The overflow section of the spillway can now be 
plotted as shown in the same figure. 

The following table shows a comparison of the above results with the 
model studies of Hungry Horse Dam Spillway. 


Hungry Horse Hungry Horse 
Experimental Dam Spillway model study 
data as designed results 


17.83 ' 

16.90! 

0.93 ' 
33.6 

53,000 cfs 
Cc 3.38 
Vacuum Crest -5.3' 

Crest Shape 


17.9' 
16.9' 
1.00' 
34.0' 
53,000 cfs 
3.28 
-5.0' 
see Figure 16 


Column 1 shows the significant data from these experiments used in 
computing the example and Column 2 lists similar terms used in the design 
of Hungry Horse Dam Spillway. It is noted that the experimental data show 
slightly lower Hs, E, and R values than those used in the Hungry Horse de- 
sign, which accounts for the higher coefficient of discharge, C, obtained 
with the experimental data. 

Since the model was constructed using the spillway dimensions listed in 
Column 2, the values of Hs, Hp, E, and R are identical in Columns 2 and 3. 
The discharge obtained in the model is approximately 7 percent less than 
the design flow. This discrepancy can be explained as follows: (1) The 
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17.9' 
16.90' 
1.00' 
34.0! 
49,000 cfs 
0.8 to -8.0' 


spillway is designed with a 9-foot-wide pier, placed over the rounded crest. 
In computing the discharge in Columns 1 and 2, the reduced effective length 
of the crest, due to the pier, was not considered which accounts for approxi- 
mately one-half the 7-percent discrepancy. (2) The experimental data are 
based on the ideal situation where all the flow enters the spillway on radial 
lines. For Hungry Horse Dam Spillway approximately one-half of the crest 
is located in an approach channel cut in the hillside, and only 50 to 60 per- 
cent of the flow approaches the crest on radial lines. 

Whether the reduction in discharge, due to the nonradial approach condi- 
tions, is greater or less than that indicated by the difference in the computed 
and model discharge cannot be determined from the available data. 

A comparison of the two rounded crests is shown in Figure 16 where the 
profile, as determined from these experiments, is plotted as a solid line and 
the Hungry Horse crest is denoted by a broken line. Also shown are the 
piezometric pressures in feet of water (prototype) observed on the model for 
a discharge corresponding to a prototype flow of 50,000 second feet. Pres- 
sures above atmospheric are indicated above and to the right of the profile 
and subatmospheric pressures are shown below and to the left of the profile. 

The greatest deviation in the two profiles occurs in the region between 
Piezometers 4 and 7 and at the lower end of the rounded crest between 
Piezometers 11 and 12. The observed pressures on the model crest suggest 
the true shape of the overflow section for the design conditions by indicating 
where the curvature of the model crest profile should be adjusted to obtain 
a uniform pressure of approximately minus 5 feet of water along the spillway 
face. Lower pressures usually occur where the degree of curvature is too 
great. 

To verify the magnitude and uniformity of the pressures on the computed 
profile would require tests on a model embodying that particular crest shape. 
However, the observed pressures on the Hungry Horse model tend to con- 
firm the fact that the observed and computed pressures should agree. 


Limitations on Application of Results 


Certain limitations should be recognized when applying the experimental 
results to determine the coefficient of discharge and profile of a morning- 
glory spillway. The test data were obtained from a circular weir in which 
the water fell freely through the atmosphere or a partial vacuum. Thus, the 
upper nappe surface was subject to atmospheric pressure in all tests, while 
the lower nappe surface was subject to either atmospheric pressure or a 
partial vacuum depending on the test set-up. Therefore, the head producing 
the discharge was the head above the weir plus the pressure under the nappe 
measured in feet of water below atmospheric pressure. 

In a morning-glory spillway, the same conditions exist except that the 
space under the nappe is replaced with concrete. However, when a morning- 
glory is designed for the submerged condition or with the top of the boil near 
the crest of the spillway, an additional head is acting on the spillway due to 
the siphonic action of the column of water in the shaft. This additional head, 
which does not exist in the circular weir since the jet is surrounded by air, 
causes a pressure reduction in the shaft and an increase in discharge over 
the spillway. Therefore, when a morning-glory is designed for near- 
submerged conditions, similitude between the morning-glory and the circular 
weir no longer exists. If the shaft is designed to flow partially full, however, 
flows in the morning-glory and circular weir are similar. 


432-37 


oF 
ag 
4 
4 
: 
3 a 
? 
Es: 
: 


In applying the experimental results from the circular weir to a morning- 
glory spillway, some means of maintaining the design pressure along the 
lower nappe surface should be provided to restore similitude between the 
two flows. The design pressure may be maintained by several methods, 
among which are the following: 

(a) Design the morning-glory with a small BS. ratio such that the shaft 
never flows full. 

(b) Place a constriction in the shaft at any point below the boil to main- 
tain the jJesign pressure under the nappe at the boil. 

(c) Provide air vents under the nappe at the boil to relieve the suction 
head due to the shaft flowing full. 

In Hungry Horse Dam, air was supplied to the lower nappe surface by 
means of several air vents placed under the lip of the ring gate. In addition, 
a 6- by 6-foot air vent was placed in the crown of the vertical bend connect- 
ing the shaft with the inclined tunnel. Model tests on Hungry Horse Dam 
Spillway showed that pressures lower than those indicated in Figure 16 were 
observed when the above air vents were closed. 

Additional research work is required to economically design a submerged 
morning-glory spillway with a pressure-controlled profile. However, if the 
above limitations are recognized and means are provided to deal with them, q 
the experimental results should prove helpful in designing a morning-glory 
spillway. 
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